The zodiacal emission, which is the thermal infrared (IR) emission from the interplanetary dust (IPD) in our Solar System, has been studied for a long time. Nevertheless, accurate modeling of the zodiacal emission has not been successful to reproduce the all-sky spatial distribution of the zodiacal emission, especially in the mid-IR where the zodiacal emission peaks. We therefore aim to improve the IPD cloud model based on Kelsall et al. (1998) , using the AKARI 9 and 18 1 Graduate School of Science, Nagoya University, Chikusa-ku, Nagoya 464-8602, Japan -2 -µm all-sky diffuse maps. By adopting a new fitting method based on the total brightness, we have succeeded in reducing the residual levels after subtraction of the zodiacal emission from the AKARI data and thus in improving the modeling of the zodiacal emission. Comparing the AKARI and the COBE data, we confirm that the changes from the previous model to our new model are mostly due to model improvements, but not temporal variations between the AKARI and the COBE epoch, except for the position of the Earth-trailing blob. Our results suggest that the size of the smooth cloud, a dominant component in the model, is by about 10% more compact than previously thought, and that the dust sizes are not large enough to emit blackbody radiation in the mid-IR. Furthermore we significantly detect an isotropically-distributed IPD component, owing to accurate baseline measurement with AKARI.
Introduction
The zodiacal emission, which is the thermal infrared (IR) emission from interplanetary dust (IPD) in our Solar System, is a dominant foreground component in the mid-IR. Cassini (1685) studied the origin of the zodiacal light, sunlight scattered by the IPD grains, for the first time by visual observations of night sky. He considered that the IPD cloud has a lenticular structure centered on the Sun with its main axis lying on the ecliptic plane. In the early 1940s, Fessenkov considered the IPD distribution as a prolate spheroid surrounded by a dust torus, which is formed from fragmentation of asteroids in the asteroid belt (Struve 1943) . In the 1980s, IR observations with satellites, such as IRAS and COBE, revealed that the cloud has a more complicated structure. Kelsall et al. (1998) and Wright (1998) constructed IPD cloud models, using the ten photometric band data of the COBE/Diffuse Infrared Background Experiment (DIRBE) from 1.25 to 240 µm. In addition to a smooth cloud arising from a mixture of dust associated with asteroidal and cometary debris, the models include asteroidal dust bands and a mean motion resonance (MMR) component trapped by the Earth into resonant orbits near 1 AU. In this study, we discuss the IPD cloud based on the model constructed by Kelsall et al. (1998) . Kelsall et al. (1998) removed the zodiacal emission from the DIRBE maps using their model (hereafter called the Kelsall model). However, there is a significant residual component of the zodiacal emission in the DIRBE mid-IR maps. For example, the brightness levels are ∼1 and ∼2 MJy sr −1 at the ecliptic poles and on the ecliptic plane, respectively, at 25 µm as shown in Figure 2 (c) in Kelsall et al. (1998) . We therefore aim to improve the IPD cloud model using the AKARI mid-IR all-sky survey data, the latest IR all-sky data.
AKARI (Murakami et al. 2007 ), the Japanese IR astronomical satellite, has two scientific focal-plane instruments, the Infrared Camera (IRC; Onaka et al. 2007 ) for the wavelength coverage of 1.8-26.5 µm and the Far-Infrared Surveyor (FIS; Kawada et al. 2007) for 50-180 µm. AKARI was launched on 2006 February 21 and was brought into a sunsynchronous polar orbit at an altitude of 700 km. AKARI started the performance verification operation from 2006 April 24 and carried out all-sky surveys during a period from 2006 May 8 to 2007 August 28 with the telescope cooled at 6 K by liquid helium and mechanical coolers (Kaneda et al. 2005 (Kaneda et al. , 2007 . The 9 and 18 µm photometric bands of the IRC and the 65, 90, 140, and 160 µm bands of the FIS were used for the all-sky surveys.
Among them, we use the IRC mid-IR data (9 and 18 µm bands) for modeling the zodiacal emission. The AKARI mid-IR all-sky data enable accurate modeling of the zodiacal emission thanks to higher spatial resolution than the COBE/DIRBE and the IRAS data. Moreover, the 9 µm map is crucial to investigate the all-sky distribution of polycyclic aromatic hydrocarbons, while the 18 µm map is useful to trace hot dust grains. Therefore, it is also important to model the zodiacal emission accurately for studies of the Galactic interstellar medium (ISM).
Observations and data reduction

The IRC all-sky survey
The mid-IR all-sky survey was conducted with the two photometric broad band filters centered at 9 µm (S9W, effective bandwidth: 4.10 µm) and 18 µm (L18W, effective bandwidth: 9.97 µm) of the MIR-S and MIR-L channels, respectively Ishihara et al. 2010) . The spectral response curves of these bands are shown in Figure 1 in Ishihara et al. (2010) . AKARI revolved around the Earth in a sun-synchronous polar orbit. In the all-sky survey, the satellite scanned the sky along the circle of the solar elongation at approximately 90
• . The MIR-S and MIR-L channels have 256×256 pixels with the pixel scales of 2.
′′ 34 × 2. ′′ 34 and 2. ′′ 51 × 2. ′′ 39, respectively. The full widths at half maxima of the point spread functions for the 9 and 18 µm bands are 5.
′′ 5 and 5. ′′ 7, respectively Ishihara et al. 2010) . Two detector rows out of 256 in the sensor array were used for the all-sky observations, and the two rows with the width of 10 ′ scanned the sky in a continuous and non destructive readout mode (Ishihara et al. 2006 (Ishihara et al. , 2010 . The interval between scans is 100 min. The orbit rotated about the axis of the Earth in one year, and hence the satellite covered the whole sky in half a year. AKARI observed the leading and the trailing directions of the Earth orbit alternately for every scan, because the solar elongation was fixed at 90
• . The zero level of the surface brightness observed by AKARI is well calibrated for diffuse sources because of accurate dark current measurement. The dark current was measured with the cold shutter closed during the maneuver operation of the satellite. The dark current measurement took ∼10 min and was performed about seven times per day on average. We evaluate the average and standard deviation of the dark level using all the measurements made during the mission period. The dark levels are 1.68 ± 0.03 MJy sr −1 and 3.87 ± 0.06 MJy sr −1 at 9 and 18 µm, respectively, and these values are subtracted from the data.
Production of the all-sky maps
First, we carried out corrections for reset anomaly and non-linearity of the detector (Ishihara et al. 2010) . Secondly, we corrected the effects of ionizing radiation by cosmic rays (Mouri et al. 2011 ) and scattered light from the moon. Finally, we converted the unit of the surface brightness from an analog-to-digital unit (ADU) to MJy sr −1 , using the following conversion factors which are described in the README document of the AKARI mid-IR all-sky diffuse maps prepared for the public data release: S9W: 1 ADU=0.303 MJy sr −1 and L18W: 1 ADU=0.474 MJy sr −1 .
With these processes, we obtained the AKARI mid-IR all-sky diffuse maps as shown in Figure 1 . In this figure, all the scan data are plotted. The horizontal and the vertical axes indicate the observation days and the ecliptic latitude, respectively. The scan direction is from bottom to top in this figure.
Modeling of the zodiacal emission
The zodiacal emission brightness varies with time because of the orbital motion of the Earth relative to the IPD cloud, while the brightnesses of the other components such as the Galactic component do not vary. For determination of the model parameters, Kelsall et al. (1998) used the seasonal variation of the brightness in the DIRBE maps as a time-varying component of the zodiacal emission brightness, in order to separate the zodiacal emission from the other components. However, we consider that the modeling which considers only time-varying components cannot reproduce the overall distribution of the zodiacal emission very well, because there remains the residual component, whose level is higher than 0.5 MJy sr −1 , in the DIRBE 12 and 25 µm maps ) and the AKARI 9 µm map (Pyo et al. 2010) . We therefore introduce a new method; we determine the parameters in the Kelsall model using the absolute brightness (i.e., both time-varying and non-timevarying components) of the zodiacal emission in the AKARI mid-IR maps.
The Kelsall model
Although the detail of the Kelsall model is described in Kelsall et al. (1998) , we give basic information here. In the Kelsall model, the zodiacal emission is decomposed into the following three components: a smooth cloud, dust bands, and a MMR component. The smooth cloud is a dominant component, which has been studied for a historically long time by ground-based observations (e.g., Cassini 1685). The origin of this component is considered to be a mixture of dust associated with asteroidal and cometary debris. The dust bands represent asteroidal collisional debris (Dermott et al. 1984; Nesvorný et al. 2006 Nesvorný et al. , 2008 , which were first discovered by IRAS (Low et al. 1984) . The IPD grains are slowly spiraling inward by the Poynting-Robertson effect and the dust bands are thought to be produced by replenishment from main-belt asteroids. The Kelsall model contains three pairs of the dust bands which appear at the ecliptic latitudes around ±1.
• 4, ±10
• , and ±15
• , based on the structure revealed by Reach et al. (1997) with the spatially-filtered DIRBE and IRAS data. The MMR component is composed of migrating dust grains, which are temporarily trapped into resonant orbits near 1 AU by the Earth. This component had been expected theoretically (Jackson & Zook 1989; Marzari & Vanzani 1994a,b; Dermott et al. 1994 Dermott et al. , 1996 , and the existence was confirmed by Reach et al. (1995) based on the DIRBE data. The MMR component has an asymmetric structure, which is decomposed into a circumsolar ring and a three-dimensional Earth-trailing blob.
The brightness of the zodiacal emission observed at the wavelength λ (i.e., 9 or 18 µm), at the celestial position p, and at the time t is calculated by integrating the thermal emission along the line of sight s, summed for the zodiacal emission components c as
where n c (x, y, z) is the density of each component at position (x, y, z) and ε λ is the emissivity modification factor that measures deviations from the Planck function B λ (T ). For simplicity, in this study, we use the same values of ε λ for the above three components, although there are suggestions that the far-IR emissivity may be different between the components (Planck Collaboration XIV 2014). We assume that the dust temperature, T , varies with the distance from the Sun, R, as
where T 0 is 286 K, a dust temperature at 1 AU and R is given in units of AU. We normalize ε λ to unity at 18 µm, while Kelsall et al. (1998) normalized ε λ to unity at 25 µm.
Fitting technique
We carry out model fitting using the absolute brightness of the zodiacal emission in the AKARI 9 and 18 µm all-sky maps. We determine the model parameters to minimize the χ 2 value. We use the all-sky maps in Figure 1 with spatial sampling of 10 ′ for the fitting. In order to avoid the Galactic component, we masked the regions of surface brightness levels higher than 6 MJy sr −1 in the AKARI 140 µm data (Doi et al. 2015) . Considering typical interstellar colors of the mid-to far-IR brightness, the 6 MJy sr −1 limit at 140 µm corresponds to about 0.1 MJy sr −1 at 9 and 18 µm, which is 2-3 times higher than the brightness fluctuations in the 9 and 18 µm maps. In addition to the Galactic component, the AKARI maps suffer stray light from the Earth near the ecliptic poles, with the brightnesses of ∼1 and ∼5 MJy sr −1 in the 9 and 18 µm bands, respectively. This stray light corresponds to the earthshine scattered on the telescope baffle only in the summer season (Verdugo et al. 2007; Egusa et al. 2015; Pyo et al. 2010) . We therefore did not use the regions observed in the period of • . We also masked the regions of the lunar elongations lower than 17
• because the correction for the scattered light from the moon is not sufficient in these regions. Figure 2 shows the maps after masking those components.
The Kelsall model intrinsically has 50 model parameters excluding those related to the scattering in the near-IR. Among them, we treat 24 parameters as free parameters (Table  1) , which are to be determined by the AKARI 9 and 18 µm band data in the present study. We mainly focus on large-scale structures of the IPD cloud in this study, and thus do not determine most of the geometrical parameters of the dust bands. We cannot determine the radial distribution of the MMR component because the solar elongation was fixed at 90
• . The relations between each parameter are complicated because the observed brightness is expressed by integrating the thermal emission along the line of sight and summed for the three cloud components. In order to robustly determine the parameters, we model the zodiacal emission on a large-scale and a small-scale structure separately by taking the following step-by-step procedure. About the brightness uncertainties in the model fitting, we adopt 1 MJy sr −1 considering all the calibration errors associated with the data corrections described in Section 2.2.
One-dimensional fitting at the poles and on the plane
We determined large-scale geometrical parameters of the smooth cloud based on onedimensional brightness profiles at the ecliptic poles and on the ecliptic plane as shown in Figure 3 . These profiles were created from the regions of absolute values of ecliptic latitudes higher than 89
• for the ecliptic poles and lower than 0.
• 4 for the ecliptic plane. We used the data taken on the Earth-leading side, which are not affected by the Earth-trailing blob. Here we temporarily fixed the parameters of smaller-scale structures at those in the Kelsall model, which include the vertical structure of the smooth cloud and the parameters for the dust bands and the circumsolar ring.
First, we fitted the brightness profiles at the ecliptic poles. The brightness variations at the ecliptic poles are caused by the inclination of the smooth cloud with respect to the ecliptic plane and the offset from the Sun of the cloud center. We therefore determined the inclination angle, i, the ascending node, Ω, and the offset, (X 0 , Y 0 , Z 0 ). We also determined the dust density at 1 AU, n 0 , and the emissivity modification factor at 9 µm, ε 9µm , from the amplitudes of the variations and ratios of the 9 to 18 µm brightness, respectively. Next, we fitted the brightness profiles on the ecliptic plane. The brightness variations on the ecliptic plane are caused by the eccentricity of the Earth's orbit, which means that the zodiacal emission brightness is highest at the perihelion and lowest at the aphelion. We determined the radial power-law index of the dust density, α, and that of the dust temperature, δ, from the difference between the highest and lowest levels in the 9 and 18 µm bands. Then, we simultaneously fitted the brightness profiles at the poles and on the plane; here the above best-fit parameters were used as initial values and the fitting range was set to be within ±10σ where σ was the errors estimated by the above fitting.
Two-dimensional fitting of the all-sky maps
Using the two-dimensional maps taken on the Earth-leading side, we determined the parameters of smaller-scale structures along the scan direction. For the large-scale geometrical parameters of the smooth cloud, the best-fit parameters in the one-dimensional fitting were used as initial values and the fitting range was again set to be within ±10σ. Once we obtained the parameters for the leading-side maps, we subtracted the zodiacal emission with the best-fit model parameters from the trailing-side maps to determine the distribution of the Earth-trailing blob in the 9 and 18 µm bands. We then determined the parameters of the Earth-trailing blob from the subtracted maps. Finally, we repeated the one-dimensional fitting where we fixed the parameters of the small-scale structures at the best-fit values in the present two-dimensional fitting but not at those in the Kelsall model. Table 1 summarizes the best-fit parameters thus obtained. Figure 4 shows the AKARI mid-IR all-sky maps after subtraction of the zodiacal emission obtained with our new model. For comparison, the residual maps after subtraction of the zodiacal emission with the Kelsall model are also shown in Figure 5 , where the emissivity modification factors and the constant component levels at 9 and 18 µm are determined by the AKARI data. As can be seen in these maps, our new model successfully improves the residual levels and the gradient of the residuals along the observation days. The root mean square (RMS) values of the residual components improve from 0.16 to 0.08 MJy sr −1 at 9 µm and from 0.31 to 0.20 MJy sr −1 at 18 µm from the Kelsall model to our model.
Results
The model parameters thus optimized are summarized in Table 1 in comparison with the result in Kelsall et al. (1998) . The power-law index of the radial distribution of the dust density α and the vertical shape parameter β of the smooth cloud become significantly larger than those of the Kelsall model. This implies that the size of the smooth cloud is by about 10% more compact than previously thought. For the dust bands, since we did not change most of the geometrical parameters, only the density parameters are listed in Table 1 . However, in the AKARI mid-IR maps, we cannot recognize the narrow double peak structure along the ecliptic latitude of band 2, the strongest dust band, which are adopted in the Kelsall model. We have therefore removed the contribution of the double peak structure of band 2 in the model. In addition, we find that the Earth-trailing blob is likely to have a vertical offset, Z 0,TB , of 0.0206 ± 0.0005 AU to the north direction.
In order to confirm whether these changes are due to model improvements or temporal variations of the zodiacal emission, we apply our new model to the DIRBE data. Figure  6 (a) shows the DIRBE Solar Elongation = 90 deg Sky Maps in the 12 and 25 µm bands in the ecliptic coordinates, after subtraction of the zodiacal emission with our new model. These maps contain both leading and trailing sides obtained in half a year observations; the region at ecliptic longitudes from 10
• to 190
• corresponds to the trailing side, while the other region corresponds to the leading side. For comparison with the AKARI maps, the ecliptic longitudes in these maps are equivalent to the observation days and the direction of the shift of the scan path is indicated by the arrows in Figure 6 .
As can be seen in this figure, the model over-predicts the brightness in the north regions on the trailing side. The regions on the trailing side in these maps correspond to the regions with Day 250 to 440 in the AKARI maps in Figure 4 , where the residual pattern is not so asymmetrical with respect to the ecliptic plane as the DIRBE map. Hence the Earth-trailing blob component in our new model does not fit the DIRBE data well, suggesting that the geometry of the blob component has changed from the COBE epoch to the AKARI epoch. Since the over-subtracted region is systematically shifted to the north with respect to the ecliptic plane, the vertical offset, Z 0,TB , should be smaller for the DIRBE data than for the AKARI data. In order to reduce the asymmetry, we re-determine Z 0,TB for the DIRBE data using the 12 µm map because the asymmetry is clearer in the 12 µm map. The best-fit Z 0,TB for the DIRBE data is 0.007 ± 0.002 AU, which is smaller than that for the AKARI data. The change in Z 0,TB is significant (7σ), based on the χ 2 statistics. Then, we apply this value to the model for the DIRBE data as shown in Figure 6 
Discussion
Properties of the IPD cloud
Comparing the parameters of our new model with those of the Kelsall model, we discuss the physical properties of the IPD cloud. The power-law index of the radial distribution of the dust density of the smooth cloud, α, becomes significantly larger than that of the Kelsall model from 1.34 to 1.59, which suggests that the cloud size has shrunk in our new model. The radial distribution of the dust density depends on the orbital evolution of the IPD grains. If the orbital evolution of the IPD grains is dominated by the Poynting-Robertson effect, the equilibrium distribution of the dust is expected to have α = 1 (Burns et al. 1979 ). However, not only the present study but also Kelsall et al. (1998) and other previous studies show the values significantly larger than the expected one. Dumont & Sánchez (1975) obtained α = 1.2 by the ground-based observations and Leinert et al. (1981) obtained α = 1.3 for R ≤ 1 AU by space observations with the Helios 1 and 2 space probes. Among them, the present result shows the largest difference from the expected value. To interpret the difference between the expected and the observed values, the previous studies have suggested dust supply mechanisms in inner regions other than migrating dust from the outer Solar System. For example, Leinert et al. (1983) and Grün et al. (1985) showed that the probability of the dust production due to the collision of large grains increases with the decreasing distance from the Sun, and Ishimoto (2000) suggested that a large amount of the dust may be supplied by comets around 1 AU. Our result strongly supports the necessity of such dust supply around 1 AU.
On the other hand, the power-law index of the radial distribution of the dust temperature, δ, is not significantly changed from the Kelsall model. Both δ values in our new model and the Kelsall model are significantly different from 0.5 which is expected if the dust grains emit the blackbody radiation in the thermal equilibrium. Our result therefore indicates that the dust sizes are not large enough to emit blackbody radiation in the mid-IR.
We find that the Earth-trailing blob has moved to the north direction by about 0.014 AU between the COBE and the AKARI epoch. It may suggest that the dust is recently supplied by comets near the Earth, asymmetrically trapped on the trailing side of the Earth (i.e., a larger amount or closer to the Earth in the north than in the south).
The constant component
In order to evaluate the brightness of the constant component, C λ , we fit the relation between the observed brightness and the brightness predicted by the model excluding the constant component with a line as shown in Figure 7 . The intercepts of the fitted lines are 0.191 ± 0.004 MJy sr −1 and 0.246 ± 0.009 MJy sr −1 at 9 and 18 µm, respectively, while the slopes are 0.9958 ± 0.0003 and 0.9981 ± 0.0002 at 9 and 18 µm, respectively. Thus even considering the 3σ error of the dark current measurement mentioned in Section 2.1, the presence of the constant component is significant. This component can be Galactic diffuse ISM, cosmic IR background (CIB) (e.g., Hauser et al. 1998; Arendt et al. 1998) , or IPD grains of interstellar origins (e.g., Rowan-Robinson & May 2013). Arendt et al. (1998) estimated the DIRBE 12 µm brightness of the Galactic diffuse ISM emission to be ∼ 0.03 MJy sr −1 in the high ecliptic latitude regions. The CIB model of Fall et al. (1996) showed that the brightness of CIB is lower than 0.01 MJy sr −1 in the DIRBE 12 µm band. These values are about two orders of magnitude smaller than the brightness of the constant component evaluated from the AKARI data. Therefore, emission from the IPD grains of interstellar origins is likely to make a dominant contribution to the constant component.
Since the IPD grains of interstellar origins are considered to have sizes smaller than IPD grains of internal origins (e.g., Grün et al. 1993) , we used the modified blackbody model to estimate the temperature of the constant component from the 9 and 18 µm brightnesses. For the emissivity power-law index of unity, we obtain the temperature of 270 ± 30 K. This value is reasonable for the temperature of dust grains at ∼1 AU.
Finally, as can been seen in Figure 4 , a bright residual component is extended around the location of ∼290 Day and ∼ −30
• . This component is recognized only in the trailing-side map at 9 µm and therefore it is not likely due to the Galactic emission that was not masked. The morphology suggests that it may not originate from the residual of the zodiacal emission subtraction. That large structure cannot be explained by any instrumental artifacts. Thus, we suggest that this may be a small cloud crossing the Earth's orbit. We will discuss this component more carefully in a separate paper.
Summary
We have carried out the modeling of the zodiacal emission, using the AKARI mid-IR all-sky data which have higher spatial resolution than the DIRBE and the IRAS data. In order to robustly determine the model parameters, we model the zodiacal emission on a large-scale and a small-scale structure separately by dividing the procedure into the onedimensional and the two-dimensional fitting. As a result, we have succeeded in reducing the residual levels after subtraction of the zodiacal emission from the AKARI data and thus in improving the modeling of the zodiacal emission. We also confirm that our new model better reproduces the zodiacal emission in the DIRBE data than the Kelsall model, except for the Earth-trailing blob component. Hence we conclude that the changes from the Kelsall model to our new model are mostly due to the model improvements but not the temporal variations. Only for the Earth-trailing blob, we find that its vertical offset increases by about 0.014 AU to the north direction from the COBE epoch to the AKARI epoch. The model parameters thus obtained indicate that the cloud size of our new model is more compact than that of the Kelsall model, and that the dust sizes are not large enough to emit blackbody radiation in the mid-IR. We evaluate the surface brightness of the constant component as 0.191 ± 0.004 MJy sr −1 and 0.246 ± 0.009 MJy sr −1 at 9 and 18 µm, respectively. The color temperature of the dust emission is estimated to be 270 ± 30 K assuming the modified blackbody radiation with the emissivity power-law index of unity.
We express many thanks to the referee for giving us many valuable comments. We thank all the members of the AKARI project. AKARI is JAXA project with the participation of ESA. This research is financially supported by Grants-in-Aid for JSPS Fellows No. -Correlation plots between the observed brightness I λ and the predicted brightness S λ by the model excluding the constant component. In order to show the presence of a small offset in the observed brightness, we subtract 7 and 20 MJy sr −1 at 9 and 18 µm, respectively, from both I λ and S λ values for a display purpose. Lines represent the best-fit result of linear fitting to the data points. Table 1 . Parameters of the IPD model in Kelsall et al. (1998) and in the present study Parameter Name of parameter Kelsall et al. 1998 Present study
All cloud components T 0 (K)
Temperature at Note. -For details of the parameters, see Kelsall et al. (1998) . The values in the parentheses indicate 1σ errors.
